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Abstract 

Spin injection in metallic normal/ferromagnetic junctions is investigated taking into account 
the anisotropic magnetoresistance occurring in the ferromagnetic layer. On the basis of a gen- 
eralized two-channel model, it is shown that there is an interface resistance contribution due to 
anisotropic scattering, besides spin accumulation and giant magnetoresistance. The corresponding 
expression of the thermoelectric power is derived and compared with the expression accounting for 
the thermoelectric power produced by the giant magnetoresistance. Measurements of anisotropic 
magneto-thermoelectric power are presented in electrodeposited Ni nanowires contacted with Ni, 
Au, and Cu. It is shown that this thermoelectric power is generated at the interfaces of the 
nanowire. The results of this study indicate that, while the giant magnetoresistance and the cor- 
responding thermoelectric power indicate the role of spin-flip scattering, the observed anisotropic 
magneto-thermoelectric power might be the fingertint of interband s-d relaxation mechanisms. 

PACS numbers: 72.25.Hg,72.15.If,75.47.De 
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I. INTRODUCTION 



In order to explain the high resistance and the high thermoelectric power observed in 
transition metals, Mott introduced the concept of spin-polarized current and suggested that 
s-d interband scattering plays an essential role in the conduction properties This ap- 
proach, in terms of two conduction bands, explained the existence of a spin-polarized current 
in the 3d ferromagnetic materials, and was used for the description of anisotropic mag- 



netoresistance (AMR) 
magnetoresistance (GMR) 




and thermoelectric power j^. With the discovery of giant 
and related effects, the development of spintronics focused 
the discussion on spin-flip scattering occurring between spin-polarized conducting channels. 
The two-channel model, which describes the conduction electrons with majority and minor- 



ity spins, is applied with great efficiency to GMR and spin injection effects 
including metal/semiconductor 11] and metal/supraconductor interfaces (l2j. In this con 
text, it is sufficient to describe the diffusion process in terms of spin-flip scattering without 
the need to invoke interband s-d scattering. 



Magneto-thermoelectric power (MTEP) experiments in GMR structures 




113, 



14. 
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however point out the need for a deeper understanding of the dissipative mech- 
anism responsible for the giant magnetothermopower related to GMR. The problem of s-d 
electronic relaxation at the interface was also put forward in the context of current induced 
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magnetization reversal mechanisms in various systems exhibiting AMR 
However, the interface contribution to the resistance in relation to AMR has so far not been 
investigated. The aim of the present work is to study the non-equilibrium contribution of a 
normal/ferromagnetic (N/F) interface to both the resistance and the thermoelectric power. 

For our purpose, it is convenient to generalize the two spin channel approach to any 
relevant transport channels, i.e. to any distinguishable electron populations a and 7 [25]. 
The local out-of-equilibrium state near the junction is then described by a non-vanishing 
chemical-potential difference between these two populations: A/i a7 = fi a — fi y 7^ [10]. 
Corollarilly, assuming that the presence of a junction induces a deviation from the local equi- 
librium, the a and 7 populations can be defined by the a — > 7 relaxation mechanism itself, 
that allows the local equilibrium to be recovered in the bulk material (lim z - ) .± oa Afi(z) = 0). 



In this context 
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241 ] . the basic idea we develop here is that, beyond spin-flip relaxation, in- 



terband s-d relaxation also plays a crucial role in the interface magnetoresistance of magnetic 
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nanostructures. Though similar ideas have been suggested in previous spintronics studies 

;he originality of this work is to deal with interband relaxation on an 



equal footing with spin-flip relaxation 



24j in the framework of a thermokinetic approach. 



For this purpose, the two spin-channel model is generalized, with the introduction of the 
corresponding transport coefficients: the conductivities a a and <r 7 of each channel define the 
total conductivity a t = a a + a^ and the conductivity asymmetry f3 = (cr a — a y )/a t ; the relax- 
ation between both channels is described by the parameter L (or equivalently, the relevant 
relaxation times t 7 «^ q ). It is shown that this two-channel model can be applied straightfor- 
wardly to the description of MTEP, by introducing an extra transport parameter which is 
nothing but the derivative of (3 with respect to the energy. The predictions of the model 
are compared with experimental results of anisotropic MTEP measured in electrodeposited 
nanowires. 

The article is structured as follows: General expressions of the interface contributions of 
resistance (Sec. II) and thermoelectric power (Sec. Ill) are derived, and applied to the case 
of AMR and GMR systems (Sec. IV), and to the corresponding MTEP (Sec. V). It is shown 
that a contribution of the interface resistance related to AMR and the corresponding MTEP 
should be expected. The experimental study performed on single-contacted Ni nanowires 
(Sec. VI) confirms the presence of an anisotropic MTEP, which is produced by the interfaces. 



II. OUT-OF-EQUILIBRIUM RESISTANCE 

In the framework of the two conducting-channel model, which includes relaxation from 
one channel to the other, it is possible to show, on the basis of the entropy variation [10], 
that the kinetics are described by the following Onsager equations: 

J (J a Qf-a 

Ja ~ e dz 

1 e az v ' 

^ 07 L (/^q. ^7) 

Where \I/ a7 describes the relaxation from the channel a to the other channel 7 in terms 
of velocity of the reaction a — > 7. The Onsager coefficient L is inversely proportional to the 
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relaxation times r Q ^ 7 : 



Loci -J- + -J-) (2) 



The out-of-equilibrium configuration is quantified by the chemical affinity Afi = [i a — // 7 , 
i.e. the chemical potential difference of the reaction. 

Furthermore, in the case of a stationary regime, the conservation laws lead to : 

djg _ 9Jg \jf Q 

dt dz / o \ 

aJ l _ UJ 1 _|_ xj/ _ Q 

The total current Jt is constant: 

f d 

Jt = J a + Jy = 7T (^i^a + CT 7^) ( 4 ) 

era 

The expression of Ohm's law, J 4 = —a t ^, is recovered by introducing the measured 
electric potential $ and the total conductivity a t = u a + cr 7 |28| : 

e$ = — (a a fi a + <J 7 /i 7 ) (5) 

Let us assume that the two channels collapse to a unique conduction channel for a specific 
configuration, the reference, which is a local equilibrium situation: Afi eq = 0. The out-of- 
equilibrium contribution to the resistance, R ne , is calculated through the relation: 

-J t eR ne = J -^(» a -e<S>{z))dz = J - e$(z))dz (6) 

so that 

B 



1 f cr a — dAfx 
J t e J A 2a t dz 

where the measurement points A and B are located far enough from the interface (inside 
the bulk) so that Afi(A) = Afi(B) = 0. The derivative is only calculated in the intervals 
where $ is continuous. The above relation allows the out-of-equilibrium resistance at a 
simple junction between two layers (composed by the layers I and II) to be easily calculated. 
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If the junction is set at z = and the conductivities are respectively o{ and a- 1 (i = {a, 7}), 
we have: 

ro a i _ a 1 dAu 1 r B o 11 - o 11 dAu 11 

-J T eR ne = -2- l^-dz + \ 7 J" dz (8) 

J A 2a T dz J 2a T dz 

The equilibrium is recovered in the bulk, so that: 

r J ! H_^f\M (9) 

The chemical potential difference Afi(z), which accounts for the pumping force opposed 
to the relaxation a — > 7, is obtained by solving the diffusion equation deduced from Eqs. 
© and © flf 



.on a — » 7, 

DDD0 

d 2 A/i(z) A/i(z) 



r)7 2 I 2 

OZ l diff 



(10) 



where 

tf ff = eLia- 1 + O (11) 
is the diffusion length related to the a — > 7 relaxation. 

At the interface (z = 0), the continuity of the currents for each channel writes: 

which leads to the general relation: 

A/x(0) = -f - -jj J -y^- 7 - + -tjtj^- eJ T (13) 

Inserting Eq. (|13|) into Eq. Q, we obtain the general expression for the out-of-equilibrium 
resistance (per unit area) produced by the a — > 7 relaxation mechanism at a junction: 



-1 



It is convenient to describe the conductivity asymmetry by a parameter (3 such that 
(T Q = <T t (l+/3)/2 and <r 7 = cr t (l — /3)/2. The out-of-equilibrium contribution to the resistance 
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then takes the following form: 



Rne = 1 (fa ~ Pn) 2 / 15 x 

" 2 y/eUai{\ - (3]) + y/eL»v»(l - Ph) 



where the diffusion length now writes: 



1 «<^^W) (16) 



III. GIANT MAGNETORESISTANCE VS. ANISOTROPIC MAGNETORESIS- 
TANCE 

A. Giant Magnetoresistance 

The most famous example of the out-of-equilibrium resistance described in the preceding 
section, is the giant magnetoresistance (GMR) P occurring near a junction composed of 
two ferromagnetic layers Fi/F 2 made out of the same metal. The electronic populations are 
the spin-polarized carriers quantized along the ferromagnetic order parameter a =|, 7 =!• 
The diffusion length is the spin-diffusion length l^iff = l s f- The a — > 7 relaxation is the 
spin-flip relaxation, and tends to balance the deviation from the local equilibrium. This 
process leads to a spin-accumulation described by the generalized force A/x = /if — /x^. The 
local equilibrium (A/x = 0) is recovered in the bulk ferromagnet, at the voltage probes, or 
equivalently in the case of two parallel magnetic configurations. When the magnetization 
of the two layers are parallel, we have indeed: al = erf 7 and a, = erf 7 , and R ne = 0. In 
contrast, for an antiparallel configuration al = af 7 and erf = erf 7 . In terms of conductivity 
asymmetry /3 S , we have cr-p = a t (l + (3 s )/2 and <7f = a t (l — /3 s )/2 (the subscript s refers to 
the s type - possibly sd hybridized - conduction band). The out-of-equilibrium resistance 
writes: 

R gmr = Z T\ S m\ lg f = 1 r ?l =^ ( 17 ) 



^(1-/3?) 1 y/eLv t (l - /3 p 
This expression is the well-known giant magnetoresistance 



29 



30| measured 
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in various F1/N/F2 devices. It is usually presented as the normalized ratio 

^T-T^fT (18) 

measured on a layer of thickness A, where Rq = = R^ = A/a t is the overall resistance 
of the layers (also per surface units). 

In the case of a single N/ F junction, we have = in the normal metal and a 1 * 7^ o 1 * 
in the ferromagnetic metal. The out of equilibrium resistance writes: 



rN - F = 1 Ps / 19 % 

GMR 2 JeJJ^f + ^/eL F a[(l - & 2 ) 

This is the out-of-equilibrium resistance arising in a single magnetic layer. It is worth 
pointing out that, in spite of the existence of spin accumulation and non-vanishing out-of- 
equilibrium resistance, it is not possible to measure a deviation of Rq]^ from a reference 
state because the resistance does not vary with the magnetic configurations, or with any 
well-controled external parameters (except in the case of domain wall scattering, discussed 
e.g. in reference In other words, Rqmr is present but there is nevertheless no analyzer, 

or probe, to detect it. Although the GMR results are well known, the more general Eq. (|14|) 
allows one to push the discussion about non-equilibrium resistances beyond GMR effects. 



B. Out-of-equilibrium anisotropic magnetoresistance 

From our generalized approach one should predict the existence of a non-equilibrium 
anisotropic magnetoresistance (NeAMR). The anisotropic magnetoresistance (AMR) is 
characterized by a conductivity o~t(9) which depends on the angle 9 = (I,M) between the 
direction of the current and the magnetization. In single-domain structures, the angle 9 
is tuned with the applied magnetic field which modifies the magnetization direction. In 
contrast to GMR (j J. relaxation), AMR is a bulk effect that necessarily involves at least 
one anisotropic relaxation channel a — > 7(0) which is controlled by the direction of the 
magnetization (and is hence related to spin-orbit coupling) [3|. Although generated by 
spin-dependent electronic relaxations, the a — > r y{9) relaxation channel does not necessarily 
involve spin-flip scattering. It is generally assumed that the relaxation from the isotropic 
s minority channel a = s j to the anisotropic d minority channels 7 = d { is the main 
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contribution to AMR in 3d ferromagnets [H0,0, I n the normal metal (here normal 
means with no d band effect), the conductivity of the (minority) d channel is vanishing, so 
that {3^ d = 1. The out of equilibrium magnetoresistance is then a function of 9{M) defined 
by: 



#-f,k 1 0--Me)Y 



where (3 s d{9) is the conductivity asymmetry corresponding the AMR relaxation channels; 
a a {9) = a t (0)(l + P,d(P))/2 and <r 7 (0) = a t {6){l - (3 sd (9))/2 in the ferromagnet. In terms of 
diffusion length and normalized to the bulk AMR Rq(9), the Ne-AMR writes : 



r (9) \i+mJ A 1 ' 

However, the contribution of -Ram^(^) is difficult to measure because /^// is expected to 
be small (nanometric or below), and the direct bulk contribution of the AMR dominates in 

nn 

usual configurations (see however references |29l. I30j for a possible contribution in F1/N/F2 
devices) . 



IV. OUT-OF-EQUILIBRIUM MAGNETOTHERMOPOWER 



Since, in metallic structures, the heat transfer is carried by the conduction electrons, 
it is possible to study the electronic transport coefficients by performing thermoelectric 
(TEP) measurements while applying a temperature gradient to the sample. TEP is usually 
characterized through the bulk Seebeck coefficients, while imposing a temperature gradient 
under zero electric current (open circuit). In the same manner as for GMR, TEP is composed 
of a bulk contribution and an out-of-equilibrium contribution due to the interfaces (see next 
sub-section). Surprisingly, anisotropic MTEP in bulk ferromagnets has not been reported 
although extensive investigations about TEP had been performed on Ni, Fe and Co based 
materials since the work of Mott 



331 ] . Thus, a vanishing bulk MTEP can be expected, that 
would favor the measurements of out-of-equilibrium interface MTEP. Previous investigations 
about the interface contribution to the magneto-thermoelectric power (MTEP) have been 
performed exclusively in GMR structures, with typical sizes of the magnetic layers below the 

nnnnnnn 

spin-diffusion length (spin-valve structures) 



14 IJJ, IJ4 113, llS LL!g • In this very case, the 



S 



experimental results show that the spin-dependent thermopower is nearly proportional to 
the GMR. As will be shown below, the situation is similar in the case of single ferromagnetic 
layers exhibiting AMR. 

In the following, the temperature gradient is assumed to be uniform : VT = where 
A is the length of the wire, and AT is the temperature difference between the two terminals. 
This simplifying assumption allows us to recover the diffusion equation, Eq. (|10p. The 
Onsager relations follow, by adding the heat flows J® of the two channels: 

t _ gq dfi a , g 8T 
•Ja — e dz °aVa dz 

j _ _a SL djJ n _ , n ST 
J 1 ~ e dz ^ 7 u 7 dz 

J$ = A Q f - ^ (22) 

JQ - \ 9T _ dfiy 
J l ~ A l dz h 1 dz 

where Si, Aj, and 7Tj, i = {0,7}, are respectively the Seebeck, the Fourier, and the 
Pelletier coefficients of each channel. 

Hereafter, we will not study the channel dependent heat flow J^. The thermopower is 
deduced from Eqs (|22j) following step-by-step the method developed in the previous section, 
and incorporating the condition J t = 0. In the bulk metal, the local equilibrium condition 
leads to the relation: 

9$ AT 

J t (oo) = -a t 73j(°°) + = ( 23 ) 

which yields, 

9$ AT 

^(00) = S,f (24, 

Where 

<J a S a + (T-ySj /OC\ 

St = ~ j_„ ( 25 > 

a a + (J 7 

is the the reference thermopower corresponding to the bulk, or the equilibrium TEP. The 
effective current (analogous to the total current in the GMR calculation) J e ff = —StO~t^f 
is different in both sides of the junction (like the conductivity, a t , the Seebeck coefficient, 
S t , is discontinuous at the interface). 
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From Eqs. (|2*2*|) and (fT2"j). the continuity of the currents J„(0) = </q J (0) leads to the 
following chemical-potential splitting at the interface: 



-l 



AMO) = K & - tf) - a? - ( t / + J ^< eLJf ] e ^L ( 26 ) 



at at 



The chemical-potential splitting, A/x(0), is analogous to that calculated in Sec. II, Eq. 



(|T3J) for the GMR, after introducing the effective current J e ff = —S t a t 



AT 



(27) 

Here again (see Eq. (J7J)), the out-of-equilibrium thermopower S ne can be defined from 
the reference corresponding to local equilibrium condition, A/j, eg = and J a = J 7 = 0: 

where A (resp. B) is located in the layer I (II), at a distance A 1 {A 11 ), far enough 
from the interface (inside the bulk). This is the same expression as that calculated for the 
out-of-equilibrium resistance in Eq. Q. We obtain 



A ^ a' o<< J 2e 

Making use of Eq. we deduce the out-of-equilibrium TEP : 



7 / 



^<7*eL J a^a^eL 11 



'— + \ In (30) 



<*t V °t 



Let us define the parameters, S + = (S a + 5 7 )/2 and <S_ = (S a — S 7 )/2. We see that 
St — h ((1 + P)S a + (1 — /3)S 7 ), so that the overall Seebeck coefficient rewrites: 

S t = S + + /3S- 
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The out of equilibrium interface thermopower takes the form: 



S ne = _ ( gl _ 0II) ^(1-OT 2 )^-^(1-OT 2 )^ 7 m 

This is the general expression of the out-of-equilibrium MTEP. In the following, it will be 
expressed in terms of transport-coefficient asymmetry (3. It is possible to investigate further 
this relation by using the microscopic Mott's relation (valid for a spherical energy band and 
assuming a local thermal equilibrium) 

s a (32) 



TT 2 k 2 T 

where a = — e is the electron energy, and ep is the Fermi energy. 



o + = b t — a 



2 



and 



1-13 



o t V de 



is the the reference thermopower defined in Eq. ()25|) . and f3' = §f ) £F is the derivative of 
the asymmetry conductivity coefficient (3 taken at the Fermi level. Eq. (J3~T| rewrites : 



atf 1 - /3") (of ft" - ol 1 F") 



A. Magnetothermopower corresponding to GMR and NeAMR 

In the case of spin-valve structures (i.e. junctions consisting of layers with parallel or 
antiparallel magnetization), and considering identical ferromagnetic layers, we have (3 S = 
(3 1 = -(3 n and also ft = (3 fI = -f3' n : 

41 _ _o„„. ( $'\ i?U 



^gmr = ~2aa t I — J R GMR (36) 

As discussed in Ref. [15], the MTEP associated to GMR vanishes if the parameter (3' 
is zero, i.e. if the conductivity asymmetry is not energy dependent. The proportionality 
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between R gmr /Rq and T, GMR /(ASt) was observed experimentally Q, Q, Q ll9| and the 



proportionality factor Vgmr = — §^ was found to be of the order of one to ten in usual 
experimental conditions. 

Besides, the out-of-equilibrium contribution due to the AMR in a Normal/Ferromagnetic 
junction is deduced by taking into account the relevant s-d relaxation channels: f3f d = 1 
(Sec. III.B) and /3'£ = : 

S = 2aa F (9) (^L) (37) 

The expression T/^ MR /S t = Vamr{R N ~ F / Ro) (where R = a t {6)/ A) shows that a simple 
relation simmilar to that of GMR reltates the NeAMR and MTEP. The proportionality 
factor Vamr = f t ^p ( refer to AMR/MTEP ratio in the next section) can be measured 
providing that the NeAMR, described in Sect. III.B., E q. (12*01) . is measured independently 
(e.g. with the configuration proposed in references |2iJ,|3i|). The relevance of the picture 
proposed above, which is based on the differentiation between two well-separated relaxation 
channels (spin-flip or s-d scattering) can now be compared to experimental facts. 



B. Measuring MTEP 

It is important to point out that the measurements of interface TEP necessarily involve 
the measurement of the TEP of the bulk materials contacted to the voltmeter through 
reference wires (see Fig. 1). In our experiments, a temperature difference AT = Tg — Ta is 
maintained between the extremities A and B of the junction (located at the J point), whereas 
the voltmeter with the terminals of the reference wires are maintained at temperature To- 
Referring to the TEP of the reference contact as St, the total voltage difference measured 
in the open circuit consists of the bulk TEP and an interface TEP: 

As already pointed out, and according to the literature, the bulk term appears to be 
independent on the magnetic configuration (i.e. independent on 0). Such a situation occurs 
under the following weakly restrictive condition: a t (e,9) = g(9)a t (e) (see Eq. (JMJ)), where 
g{6) is any function accounting for the conductivity anisotropy. In contrast, the out-of- 
equilibrium term is still 6 dependent through the parameter (3{6), or l s d(9). In consequence, 
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FIG. 1: The structure consists of two metallic layers of length AJ and JB with a typical temper- 
ature gradiant AT/AB. It is contacted through two reference wires connected to a voltmeter at 
temperature To 

we expect that a MTEP contribution can be measured as a function of the external magnetic 
field, and that this MTEP is produced by the out-of-equilibrium interface term only. On the 
other hand, the amplitude of the non-equilibrium interface effect depends on the amplitude 
of the temperature gradient at the junction The effect is then larger in case of a 

non-homogeneous temperature gradient, if the junction is placed in a region where there 
is a sharp temperature variation, i.e. near the interface with the heat source or cryostat. 
In contrast, if the junction is placed far away from the interface with the heat source or 
cryostat, the effect is expected to be smaller. 

As for AMR, the 9 dependence of the TEP (the MTEP) is defined as the ratio: 



AV Max{V(9)} - Min{V{6)} 



(39) 



V Min{V(9)} 
In the next section, the quantity V{6) is measured as a function of the amplitude and 
direction of the applied magnetic field H. 



V. EXPERIMENTS 

As already mentioned, the nearly linear relation between the GMR (AR/R) and the 
corres p ondin g MTEP (AV/V) has been observed in various spin- valve systems 
Q H H H Q- The GMR/MTEP ratio is of the order of one to ten in GMR samples 
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consisting of about 150 electrodeposited Co/Cu bilayers where both the GMR and the MTEP 
are of the order of 10 % [l8(- The present study focuses on MTEP in single Ni nanowires by 
pointing out the role of the contacts. The results presented hereafter have been measured 
near room temperature. All nanowires contain two contacts N/F and F/N, and a bulk 
ferromagnetic (F) region. The results presented in Sec. IV predict that an anisotropic out- 
of-equilibrium interface magnetoresistance, and corresponding MTEP, should be present at 
the junctions. 

This experimental section is composed as follows. The samples are described in subsection 
A. The magnetic configurations of the nanowire are discussed in subsection B on the basis of 
recent AMR measurements and of previous reports. Subsection C reports on the anisotropic 
nature of the measured MTEP. Section D evidences that the measured MTEP is an interface 
effect. Subsection E describes the magnetic configurations of the Ni contact that allow the 
MTEP profiles to be understood. 



A. Samples 



The samples are prepared by electrodeposition in porous polycarbonate track-etched 



membranes. This technique has 
configurations inside the wires 



3een used extensively in order to study the micromagnetic 



34, 
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36 



37 



Q, 39, Q 



The pores are 6-micrometer 



length and 40 to 25-nm diameter. A gold layer is deposited on the bottom and top of the 
membrane and fixed to the electrode. By applying the potential in the electrolytic bath, 
the Ni nucleates at the bottom of the pores, grows through the membrane and reaches 
the top Au layer. Then, a single nanowire can be contacted inside the electrolytic bath, by 
controlling the potential between the two sides of the membrane during the electrodeposition 
and stopping the process when the potential drops to zero 3(|. The single contact can be 
performed either with the same material as that of the wire (Ni) or with a different material 
(for instance non- ferromagnetic like Cu or Au), by changing the electrolytic bath before 
performing the contact (see Fig. 2). The contact has the shape of a mushroom on top of 



the membrane 
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The electrodeposited Ni nanowire consists of nanometric nanocrystallites with random 
orientations: the magnetocrystalline anisotropy is averaged out at the nanometer scale [3, 

y, y Q- 

Only a strong uniaxial shape anisotropy remains present (anisotropy field 
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FIG. 2: Geometry and contacts of the two kinds of single contacted nanowires. The heat resistance 
at the bottom is driven by an AC voltage generator at frequency f. 



H a = 2ttMs ~ 0.6 T, where M s is the magnetization at saturation^ 



38, 



It has been shown that 
39I ] . Furthermore, due to 



the Ni nanowires are uniformly magnetized for all stable states 
the high aspect ratio, the spatial distribution of the current density J is well defined along 
the wire axis: the angle (J, M) between the current and the magnetization M coincides 
with the angle 9 of the magnetization of the wire (see Fig. 2). 

It is expected that a ferromagnetic contact localized on the top of the membrane (the Ni 
mushroom) changes the interface properties for two reasons: due to the non uniform spin- 



polarized current density 



4l|, and due to the presence of specific magnetic configurations 



that do not exist inside the wire. Note that the problem related to the spin-accumulation 
and GMR generated by magnetic domain walls has been studied in detail in such electrode- 
posited samples jsij]. The conditions that are necessary to obtain a GMR-like contribution, 
the presence of a highly- constrained magnetic domain wall, are not fullfilled in the present 
case. Here we report on a comparative study between samples with different contacts for a 
significant number of samples (a few tens). 
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B. Magnetic characterization through AMR 



Due to the uniform magnetization and to the homogeneous current density, the magnetic 
field dependence of the AMR is directly linked to the magnetic hysteresis loop of the Ni 
nanowire. A quadratic dependence is observed p: 

R(6) = R + AR AMR cos 2 (6) (40) 

The magnetoresistance (Fig. 3) is measured with an external magnetic field applied at 
a given angle ^ with respect to the wire axis. Except for some few samples were domain 
walls can be observed (not shown), the hysteresis loop corresponds to a uniform rotation 
of the magnetization with a precision of two to three percents The magnetic 

configurations are described by the well-known profile (see e.g. the Stoner-Wohlfarth model) 



42j . At large angles (\& ~ 90(deg)), the magnetization states follow a reversible rotation 
from the wire axis 9 = to the angle of the external field \I/ while increasing the magnetic 
field from zero to the saturation field (see Fig. 2): intermediate states (9 G [0,90]) are 
stable and correspond to the profile of the AMR curve (Fig. 3). In contrast, for small angles 
(around ^ ~ 10 deg) the magnetoresistance profile as a function of the applied field (Fig. 3) 
is flat because the magnetization is pinned along the wire axis : there are no stable positions 
between 9 ~ 10 and 9 « 170 deg. There is no fundamental change if contacting the nanowire 
with Cu or Au 

C. MTEP is anisotropic 

The thermoelectric measurements are performed with a compact resistive heater (5 
Ohms), placed on the bottom of the membrane and contacted to a voltage generator of 
5 to 7 Volts (Fig. 2). A sine wave of frequency of the order of f=0.05 Hz is injected in 
the heater. At this frequency, a stationary thermal regime is reached, and the output ther- 
mopower signal is detected at 2f = 0.1Hz. The amplitude of the 2f signal gives the TEP 
E ne AT/A. With our experimental configuration, the amplitude of the TEP ranges between 
five to fifty fj,V, which corresponds to AT m IK, with S^ 1 ~ —13 /i V/K and Sf u « 1.8// 
V/K, so that the temperature gradient is =t£ m 310 5 K/m. These values are close to that 
measured in electrodeposited Co/Cu/Co multilayered spin- valves [3, lol ]. 
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Ni-Ni (contact) 




FIG. 3: The AMR is plotted at different angles of the external field: (a) Ni wire contacted with 
Ni; (b) Ni wire contacted with Cu. 

A MTEP signal is obtained by measuring the voltage at zero current, as a function of the 
applied field. The MTEP signal does not originate directly from the magnetic field, but is 
related to the ferromagnetic configurations: the anisotropic nature of the MTEP is observed 
in Fig. 4, by measuring the TEP voltage as a function of the angle of the applied saturation 
field (at saturation field, the magnetization aligns with the field : 9 = $). The anisotropic 
MTEP, with a AV/V variation of about 13 %, can be compared to the corresponding AMR 
(1.3 % amplitude, fitted with a cos 2 8 law) in Fig. 4. The MTEP profile is not very regular, 
and varies slighly from one sample to the other. 

The typical MTEP signal of Ni nanowires contacted with Ni, measured as a function 
of the external field, is shown in Fig. 5 for the sample characterized in Fig. 3 (a). A 
variation larger than that of the AMR signal is seen (depending on the samples, the MTEP 
amplitude ranges from about AV/V = 3 % up to 30 %) and is of the same order that 
the MTEP produced in GMR devices composed of 150 bilayers |18| . The overall shape is 
surprising, since the profile as a function of the external field H ext at small angles \1/ shows 
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FIG. 4: Comparison of magnetothermopower (left) and AMR (right) for a single Ni nanowire 
with a Ni contact measured as a function of the angle of the external field with a saturating field 
(0 = $) of 1.2 T. 

the maximum variation (while the magnetization is fixed along the wire axis), and inversely, 
the profile at large angle \l/ is approximately flat (while the magnetization rotates from zero 
to 90 deg). Note that the MTEP minimum at small angles corresponds to the zone of 
switching field (see Fig. 3), and that the high-field profile shows an approach to saturation 
corresponding to the anisotropy field of the wire. Such curves are systematically observed 
on all measured samples with small diameters (about 15 samples of diameter about 40 nm) 

3- 

D. MTEP is not a bulk effect 

The MTEP profile is not a function of the angle 9 between the magnetization of the Ni 
nanowire and the wire axis and the variations observed should be related to another param- 
eter. The most likely hypothesis is that the variations are produced by the magnetization 
states confined at the interface close to the Ni contact. In contrast to the AMR which is a 
bulk effect, the MTEP appears as an interface out-of- equilibrium process. 

This hypothesis can easily be checked by comparing the Ni nanowires contacted with Ni to 
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FIG. 5: Thermoelectric power as a function of the external field in Ni nanowires contacted with 
Ni for different directions of the external field. The magnetic configurations of the Ni contact are 
represented with arrows for ^ ~ 2 deg. 

those contacted with Cu or Au (See Fig. 2). In these last samples, the ferromagnetic/normal 
interfaces are located inside the nanowire where electric current, temperature gradient, and 
magnetization are homogeneous. We observe that the MTEP signal vanishes with Cu and 
Au contacts (the TEP measured as a function of the angles ^ is constant). The two curves 
measured as a function of the applied field are compared in Fig. 6 (concerning the two 
samples characterized in Fig. 3), for \1/ = 0. These measurements first confirm that the 
effect is due to the interface, and second, that the role played by the Ni contact is essential 
for the observation of MTEP processes. Note that a similar role of the Ni contact has 
been observed in experiments of spin- injection induced magnetization switching j^J, were 
irreversible magnetization reversal provoked by the current was observed with ferromagnetic 
contacts, but not with Cu contacts. 

These observations corroborate the analysis performed in Sec. IV. B where the amplitude 
of the effect is shown to be proportional to S ne AT/AB. In the case of an interface localized 
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FIG. 6: Magnetothermopower of Ni nanowires with Ni, Au and Cu contacts, measured with 
external field \& ~ deg (a): Ni with Ni contacts (left scale) compared with Au contact (right 
scale), MTEP ~ 0.3% for about 6/xV TEP; (b) Ni with Ni contactss compared with Cu contacts, 
MTEP « 3.3%, for TEP about 38 /zV 

near the mushroom, the ratio Imff/AB is very large. In contrast, in the case of Cu or Au 
contacted wires, where the ferromagnetic /normal junction is localized inside the wire, the 
ratio Idiff/AB is expected to be much smaller. 

E. MTEP is related to the magnetic configurations of the Ni contact 

It is possible to relate the observed MTEP to the AMR if we consider that the relevant 
angle is the angle 6 N / F = (Imf, Mataf) between the local current / and the magnetization M 
at the nanoscopic scale near the N/ F interface. With Cu and Au contacts, both the current 
density and the magnetization direction are well defined, and the angles coincide with that 
of the AMR: O^/f — {In/Fi^n/f) — 6- However, with the Ni contact, the interface is 
located near the Ni mushroom. The direction of the current is no longer along the wire axis, 



20 



and the magnetic configurations do not follow that measured with AMR inside the wire (see 
Fig. 5). The relevant angle 9 N / F is defined by the current direction in the Ni mushroom, 
probably near the plane of the contact (if the current were uniform). The MTEP variations 
can then be reproduced assuming that the magnetization of the mushroom rotates following 
the total magnetic field = H a + H + H perp where H a is the dipole field due to the wire 
(which is of the order of the shape anisotropy of the wire) and H is the applied field. The 

— * 

field Hp er p is the shape anisotropy of the mushroom. It is produced by the dipole field of 
the mushroom, probably interacting with the other vicinity mushrooms in the plane of the 
membrane (it plays the role of the anisotropy field of a thin layer). Thus the case of large 
and small angles have to be distinguished : i) The application of the external fields at large 
angles fixes the magnetization of all mushrooms in the plane perpendicular to the wire axis 
so that the configuration with the magnetization of the mushroom along the wire axis is 
expected only near zero applied field where H a dominates, ii) In the case of an external 
magnetic field applied at small angles \I> < 10 ( see schemes of Fig. 5), the magnetization of 
the mushroom is along the wire axis for nearly zero field (H a dominates) and for saturation 
fields (H dominates). At intermediate fields, the magnetization of the wire switches to the 
opposite direction: a domain wall should be present between the wire and the mushroom. 
The transverse field H perp dominates. The above scenario describes well the curves observed 
at different angles: the minima correspond to the MTEP with the magnetization of the 
mushroom perpendicular to the wire axis. The maximal value of MTEP corresponds to the 
magnetization of the mushroom parallel to the wire axis. The whole behavior is similar to 
that of AMR (see Fig. 4). 



VI. CONCLUSION 



The well-known two-spin-channel model has been extended to the general case of an in- 
terface between two layers in the relaxation time approximation. A general expression of the 
thermoelectric power is derived. Like giant magnetoresistance (GMR), a non-equilibrium in- 
terface resistance contribution due to the anisotropic magnetoresistance (AMR) is predicted 
in a ferromagnetic/normal interface due to s-d interband relaxation. The corresponding mag- 
netothermopower (MTEP) is derived, and is found to be proportional to Z^// where 
Idiff is the relevant diffusion length, and (fj-)j is the temperature gradient at the junction 
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(see Fig. 1). The MTEP associated to GMR is proportional to the magnetoresistance with 
the proportionality coefficient Vgmr = an d the MTEP associated to AMR is pro- 

portional to the out of equilibrium AMR, with the coefficient Va mr — fr^V(l — ^ ^ ne 
case of GMR, the experimental value of Vgmr is close to one [la] (the MTEP is of the same 
order as the GMR) for many junctions in series. 

In complement to the experiments with multilayered systems (Co/Cu/Co) measure- 
ments of MTEP in electrodeposited Ni nanowires are presented. This signal presents three 
striking features: (i) A large MTEP signal of several fiV for about IK temperature varia- 
tion is measured (3 to 30% of the TEP); (ii) This MTEP is anisotropic; (iii) The measured 
MTEP signal is produced by a local magnetic configuration (at nanometric range) near the 
interface only. However, in contrast to transport experiments in GMR systems where both 
the magnetoresistance and the magnetothermopower are measured, the out-of-equilibrium 
AMR is not accessible in our two-point measurements in Ni nanowires. Accordingly, the 
interpretation of anisotropic MTEP due to GMR (where MTEP oc l s f/AB) produced by 
magnetic inhomogeneities (i.e. domain-wall scattering effects) cannot be directly rule-out. 
But the interpretation of domain wall TEP is not realistic because DWS is very weak (below 
0.1 % if any, according to previous studies jjn|) so that an important anisotropic MTEP 
could be measured only with a huge proportionality coefficient (> 100), which is in contra- 
diction with the known GMR coefficient (Vgmr ~ 1 for 150 junctions) measured in GMR 
structures. 

The results of this study hence show that, while GMR and associated thermopower 
indicates spin-flip diffusion at the interface, the observed interface anisotropic MTEP should 
indicate interband s-d relaxation associated with ferromagnetism in Ni (where MTEP oc 
l S( i/AB). The amplitude of the effect suggests that the corresponding sd-diffusion length 
is sizable (e.g. of the order of the spin-flip length l s f). Within this framework, further 
experiments allowing direct measurements of non-equilibrium AMR would probe and clarify 
the role played by the two kinds of relaxation processes. 
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